Introduction
============

Voltage-gated calcium channels regulate a multitude of neuronal functions including presynaptic neurotransmitter release and the integration of postsynaptic signals leading to gene regulation and neuronal plasticity. In order to accomplish these tasks a remarkable functional heterogeneity of neuronal calcium channels exists. On the one hand, neurons express a number of channel isoforms displaying distinct gating and current properties. On the other hand, single channels may be functionally distinct with respect to differential targeting to specific neuronal compartments, their interactions with auxiliary calcium channel subunits, or by the formation of macro-molecular complexes with specific up- and downstream signaling proteins (for review see \[[@r1], [@r2]\]). L-type voltage-dependent calcium channels (LTCCs) occupy a key position in the activity-dependent regulation of neuronal development and thereby in mediating different forms of synaptic plasticity and in activity-induced regulation of gene expression. Calcium entering neurons through Ca~V~1.2 and Ca~V~1.3 calcium channels in response to membrane depolarization or synaptic activity contributes to synaptic plasticity \[[@r3]\], synaptic scaling \[[@r4]\], heterosynaptic molecular dynamics \[[@r5]\], and transcriptional regulation \[[@r6]\]. Thus, it is not surprising that a deficiency of LTCC channels or their increased activity leads to aberrant brain function and neurological disorders \[[@r3], [@r7]-[@r9]\]. Owing to its relatively low activation threshold the Ca~V~1.3 isoform is particularly critical in the control of neuronal excitability and calcium-dependent regulation of neuronal development and disease \[[@r8], [@r10]-[@r12]\].  Disorders of the CNS are often accompanied by changes in the number and morphology of dendritic spines and thus the overall synaptic structure \[[@r13]\]. Particularly dendritic spine loss of striatal medium spiny neurons (MSN) has previously been shown to be involved in the pathology of Parkinson's disease (PD). Furthermore, it has been hypothesized that the loss of MSN dendritic spines may underlie the development of L-DOPA induced dyskinesia \[[@r14]-[@r16]\]. Interestingly, there is evidence for a contribution and thus a therapeutic potential of LTCC in both PD as well as L-DOPA induced dyskinesia, although the underlying mechanisms have not yet been addressed.

Over the last years, distinct PDZ domain scaffold proteins have been identified as interaction partners and modulators of Ca~V~1.3 channels. Three of these scaffold proteins and Ca~V~1.3 modulators, namely shank1/3, densin-180, and erbin, are components of the excitatory postsynaptic compartment and have also been identified as regulators of dendritic morphology and postsynaptic structure. Here we review evidence in support of Ca~V~1.3 regulation via its PDZ protein interaction partners. With a particular focus on  postsynaptic adaptations observed in Parkinson's disease, we discuss the hypothesis that Ca~V~1.3 L-type calcium channels may be critical modulators of dendritic spine stability.

Dendritic spine pathology in neuronal disease
=============================================

Dendritic spines are considered to be hotspots for neuronal plasticity. They bear the potential of transforming alterations in local synaptic strength into long-term memory manifested by morphological alterations (reviewed in \[[@r13]\]). This remarkable feature of dendritic spines was discovered 15 years ago by the observation that the local synaptic induction of LTP in cultured neurons can induce the outgrowth of dendritic filopodia \[[@r17], [@r18]\]. While not all studies over the last years on the role of dendritic spines are coherent and notable exceptions to the rule may exist (discussed in \[[@r13]\]), the current hypothesis on the role of dendritic spines is that induction of long-lasting memory, for example by LTP, is paralleled and manifested by an increased size and stability of dendritic spines, which in turn reflects the increased synaptic strength. Conversely, changes in neuronal signaling leading to long-term depression (LTD) may induce spine pruning and ultimately to the loss of synaptic connections. Due to the multitude of causes and the multifactorial pathology of neurological disorders it is often difficult to identify the underlying disease mechanisms. Yet common to a variety of neurological disorders including autism spectrum disorders, schizophrenia, intellectual disabilities, as well as neurodegenerative diseases such as Alzheimer's or Parkinson's, are alterations in dendritic spine morphology, which may underlie the pathological changes in memory and cognition. The pathological dendritic spine alterations range from local hyperconnectivity in autism spectrum disorders to reduced spine size and density in schizophrenia and spine loss in Alzheimer's disease \[[@r19]\]. In Parkinson's disease morphological changes of dendritic spines are a critical aspect of the disease etiology. In addition, they are associated with treatment-induced defects in the connectivity. A wealth of studies in mice, rats and patients have meanwhile established that in MSNs of the striatum, the GABAergic striatal projection neurons undergo spine pruning in PD and PD-like animal models (reviewed in \[[@r20]\]). This spine loss particularly leads to a decrease in the total number of striatal asymmetric glutamatergic synapses, which also receive input from midbrain dopaminergic neurons. Recent studies using BAC transgenic mice, in which the two distinct MSN populations can be selectively visualized, predominantly revealed the loss of glutamatergic synapses and spines of striatopallidal MSNs expressing the dopamine D2 receptor \[[@r16], [@r21]\]. GABAergic MSNs constitute 90--95% of all striatal neurons and can be classified based on two separate projection pathways: neurons of the direct pathway expressing D1 dopamine receptors, and neurons of the indirect pathway expressing D2 dopamine receptors \[[@r20], [@r22], [@r23]\]. The reduction of dopamine in PD has been suggested to increase the excitability of D2 receptor expressing MSNs of the indirect pathway. This altered activity subsequently induced the selective loss of dendritic spines with a subsequent downregulation of excitatory synapses \[[@r24]\]. Recent studies aiming at resolving the mechanisms underlying the major debilitating side effects in the treatment of PD, L-DOPA-induced dyskinesia, provide additional evidence for the selective involvement of D2 expressing MSNs. Dyskinesia induced by chronic L-DOPA treatment in animal models of dopamine depletion was associated with an abnormal restoration of dendritic spines in D2 receptor expressing neurons \[[@r14], [@r15], [@r25]\] as well as a concomitant reduction of spines in D1 receptor expressing MSNs \[[@r16]\]. Together this suggests that an aberrant rewiring of cortico-striatal synapses on MSNs may underlie the pathology of L-DOPA-induced dyskinesia.

Postsynaptic CAV1.3 signaling complexes
=======================================

1.. Functional Heterogeneity of Ca~V~1.3 Splice Variants
--------------------------------------------------------

Ca~V~1.3 α~1~ subunits form slowly inactivating calcium channels activating at more negative voltages than Ca~V~1.2 \[[@r26]\]. These properties allow Ca~V~1.3 to be particularly involved in regulating neuronal excitability, which is indeed supported by observations in chromaffin cells (reviewed in \[[@r27]\]) and dopamine midbrain neurons \[[@r28]\]. The early characterization of neuronal LTCC proteins predicted the existence of long and short variants of class D (α~1D~, Ca~V~1.3) L-type calcium channels \[[@r29]\]. Indeed, it was later revealed that alternative splicing of Ca~V~1.3 gives rise to a long (Ca~V~1.3~42~ or Ca~V~1.3~L~) and two short (Ca~V~1.3~42A~; Ca~V~1.3~43S~) C-terminal variants, which differ in their voltage-dependence of activation and calcium conductance due to accelerated calcium-dependent inactivation in the short forms \[[@r30]\]. More specifically the absence of a C-terminal modulator in short splice variants facilitates Ca~V~1.3 channel activation at lower voltages \[[@r31]\] and more pronounced calcium-dependent inactivation. However, single channel open probabilities are much higher for both short splice variants when compared to Ca~V~1.3~L~. Both short and long splice variants are expressed in striatal MSNs \[[@r32]\] and in the substantia nigra, where Ca~V~1.3~42A~ accounts for approximately 30% of the total Ca~V~1.3 transcripts \[[@r30]\].

2.. PDZ-protein Interaction Partners of Ca~V~1.3
------------------------------------------------

The full length variant of Ca~V~1.3 contains a class 1 PDZ domain-binding sequence \[[@r33]\]. PDZ domains, which were first identified in **[P]{.ul}**SD-95, the Drosophila discs large 1 (**[D]{.ul}**lg-1), and the tight junction protein zonula occludens 1(**[Z]{.ul}**O-1), are highly abundant in scaffold proteins regulating the trafficking and clustering of receptors and ion channels as well as the organization of macromolecular signaling complexes (reviewed in \[[@r34]\]). Postsynaptic adaptor proteins of the shank family were the first identified PDZ domain interaction partners of Ca~V~1.3 \[[@r33]\]. Meanwhile Ca~V~1.3 channels have been shown to also interact with densin-180, erbin, harmonin, and whirlin. Whirlin and harmonin are both scaffold proteins implicated in the human Usher syndrome (USH) \[[@r35], [@r36]\], the most frequent cause of combined deaf-blindness \[[@r37]\]. In case of harmonin the inner ear defect in Usher syndrome may depend on the aberrant regulation of Ca~V~1.3, as it is involved in voltage-dependent facilitation and exocytosis in inner hair cells \[[@r38]\]. Because of their particular expression in the postsynaptic compartment of central glutamatergic synapses, here we focus on the interaction of Ca~V~1.3 with the PDZ proteins shank, erbin, and densin-180.

**Shank proteins:** Shank proteins are a family of postsynaptic scaffold proteins containing a variety of protein-protein interactions domains \[[@r39], [@r40]\]. These include ankyrin repeats, an SH3 domain, a PDZ domain, a long proline-rich region, and a sterile alpha motif (SAM) domain. Shank has been demonstrated to promote the selective enlargement of spine heads via a mechanism that depends on the postsynaptic recruitment of homer \[[@r41]\]. The interaction with homer1a thereby seems to be critical for regulating the structure and function of synapses in an activity-dependent manner \[[@r42]\]. A strong scaffolding role of shank proteins is also suggested by the observation that shank3 overexpression can induce the formation of functional dendritic spine synapses in aspiny cerebellar neurons \[[@r43]\]. An important role of shank proteins in the stability of dendritic spines is also indicated by the observation that shank1-deficient mice displayed smaller dendritic spines. This neuronal phenotype was associated with enhanced performance in a spatial learning task but impaired long-term memory \[[@r44]\]. The C-terminal class 1 PDZ domain-binding sequence of full length Ca~V~1.3 α~1~ subunits has been shown to bind shank3 and shank1 proteins \[[@r33]\]. In striatal MSNs D2 dopaminergic and M1 muscarinic receptors suppress L-type calcium currents by a selective modulation of Ca~V~1.3 channels \[[@r32]\]. Most importantly, this study further showed that medium spiny neurons co-express the long Ca~V~1.3 isoform and shank1/3. Moreover the  G-protein-coupled receptor modulation of Ca~V~1.3 was disrupted by intracellular dialysis of a peptide competing for the Ca~V~1.3 PDZ ligand and by application of peptides targeting the shank interaction with homer. Together, these findings implicate an important role of shank proteins in the formation of a signaling complex containing shank, Ca~V~1.3 and D2 dopaminergic receptors at cortico-striatal synapses (Fig. **[1](#F1){ref-type="fig"}**).

**Densin-180:** Densin was originally identified as a 180 kD (densin-180) protein constituent of the postsynaptic density fraction of rat forebrain \[[@r45]\]. Similar to other scaffold proteins densin-180 contains a number of protein-protein interaction motifs including leucine-rich repeats, a sialomucin domain, and a PDZ domain. Densin-180 has been shown to bind CaMKII and therefore is likely involved in anchoring CaMKII to the postsynaptic density, where it is ideally localized to respond to local calcium influx \[[@r46]\]. Indeed, later it was revealed that densin-180 binds the full length Ca~V~1.3 α~1~ subunit via its PDZ domain and that both, densin and CaMKII, are required for calcium-dependent facilitation of Ca~V~1.3 channels \[[@r47]\] (Fig. **[1](#F1){ref-type="fig"}**). Furthermore Ca~V~1.3 and densin are both located in dendritic spines of cultured hippocampal neurons, where they may contribute to integrate postsynaptic signals \[[@r47]\]. Interestingly densin-180 also interacts with the shank proteins and overexpression of densin-180 in cultured hippocampal neurons has been shown to induce excessive branching of neuronal dendrites \[[@r48]\], which was antagonized by over-expression of shank3. Because shank blocked the binding of δ-catenin, which itself can induce excessive dendritic branching \[[@r49]\], the authors suggested that shank may inhibit the activation of a densin-180-dependent signaling pathway by δ-catenin.

**Erbin:** The PDZ protein erbin contains leucine-rich repeats and a PDZ domain \[[@r50]\] and is concentrated in postsynaptic membranes at the neuromuscular junction and in the central nervous system, where it also interacts with PSD-95 \[[@r51]\]. shRNA knockdown of erbin severely impaired dendritic morphogenesis \[[@r52]\]. Conversely, overexpression of erbin increased dendritic complexity. Similar to densin-180, erbin may act upstream of δ-catenin and regulate dendritic morphogenesis by maintaining appropriate localization of δ-catenin \[[@r52]\]. Most importantly, similar to densin-180 and shank1/3 also erbin can form a complex with the full length variant of Ca~V~1.3 \[[@r53]\] (Fig. **[1](#F1){ref-type="fig"}**). Erbin co-immunprecipitated with Ca~V~1.3 in heterologous expression systems as well as rat brain, showed somatodendritic colocalization in cultured neurons and augmented voltage-dependent facilitation (VDF) of Ca~V~1.3 currents.

CAV1.3 as Potential Regulator of Post-synaptic Stability
========================================================

1.. Direct Evidence for Ca~V~1.3 as Regulator of Dendritic Spine Morphology
---------------------------------------------------------------------------

As described above, all postsynaptic PDZ domain proteins interacting with Ca~V~1.3~L~ can alter dendritic spine morphology. This implicates a role of the calcium channel itself in regulating postsynaptic stability. However, in addition to this indirect evidence, Ca~V~1.3 channels have also been associated with regulating dendritic spine stability in animal models of dopamine depletion, which induce a PD-like phenotype. One important piece of evidence comes from experiments with Ca~V~1.3 knockout mice, which displayed a higher spine density in striatal MSNs that was associated with an increased mEPSC frequency \[[@r8]\]. In this study dopamine depletion caused a reduction in spine density in the D2 receptor-expressing MSNs and, most importantly, this reduction in spine density was not observed in the striatum of Ca~V~1.3 knockout mice. Experiments on cultured D2 receptor expressing MSNs revealed that activity dependent spine pruning, which also involved activation of calcineurin and the transcription factor myocyte enhancer factor 2 (MEF2), was dependent on calcium influx via LTCCs \[[@r24]\]. However, in this case the effect was attributed to Ca~V~1.2 channels, as spine pruning was not altered in cultures from Ca~V~1.3 knockout mice. Nevertheless, it is conceivable that in this activity-dependent experimental paradigm (depolarization by 35 mM KCl) calcium influx through the more abundant Ca~V~1.2 channels may be much stronger and thus sufficient to induce spine pruning even in the absence of Ca~V~1.3. In a rodent model of L-DOPA induced dyskinesia following a nigrostriatal 6-hydroxydopamine (6-OHDA) lesion the chronic administration of L-type channel blockers reduced the development of disease as well as the associated abnormal dendritic spine formation \[[@r54]\]. Although a link to postsynaptic stability yet needs to be demonstrated, important insights into the potential role of Ca~V~1.3 in neurological disease comes from recent discoveries. CACNA1D mutations associated with autism spectrum disorders \[[@r55], [@r56]\] and a severe congenital multiorgan syndrome with primary aldosteronism, seizures, and neurologic abnormalities \[[@r57], [@r58]\] suggest that Ca~V~1.3 gain-of-function mutations may cause these diseases.

2.. The Postsynaptic Ca~V~1.3 Signalosome
-----------------------------------------

The identified modulatory mechanisms of the three postsynaptic PDZ protein interaction partners of Ca~V~1.3, densin, erbin, and shank, share a number of common principles: First, all three proteins have been demonstrated to interact with the C-terminal PDZ ligand (amino acid sequence ITTL) of the full length C-terminus of Ca~V~1.3. Second, all three proteins are potential modulators of the stability of dendritic spines and thus synapse structure. Third, densin, erbin, and shank may act upstream of δ-catenin in regulating dendritic and postsynaptic morphogenesis. Fourth and most importantly, they all can, under certain physiological conditions, augment currents through Ca~V~1.3 channels: densin-180, together with CaMKII, mediates calcium-dependent facilitation \[[@r47]\], erbin augments voltage-dependent facilitation \[[@r53]\], and shank mediates G-protein inhibition of L-type currents in striatal medium spiny neurons by D2 dopaminergic and M1 muscarinic receptors \[[@r32]\]. The latter modulation may provide a mechanism for synaptic plasticity associated with altered dendritic spine stability, namely by integrating glutamatergic signaling at corticostriatal synapses in relation to the strength of the dopaminergic input. Another link between Ca~V~1.3 and D2 dopaminergic receptors was recently identified in substantia nigra dopamine neurons were Ca~V~1.3 channels control the D2-autoreceptor responses \[[@r28]\]. Disruption of the above mentioned signaling pathways may thus contribute to a destabilization of dendritic spines, as frequently observed in neurological disease (see above). While SHANK proteins, especially SHANK3, are indeed well studied causative genes for autism spectrum disorders \[[@r40]\], a recent study also identified CACNA1D (Ca~V~1.3) as risk gene \[[@r55]\]. Homozygous knock-out mice for densin-180 have been described to display symptoms related to schizophrenia and autism spectrum disorders associated with altered postsynaptic signaling in excitatory synapses \[[@r59]\]. In MSNs in Parkinson's disease the loss of dopamine may lead to a reduction of Ca~V~1.3 inhibition by G-protein coupled receptors. In fact D2 dopaminergic receptors and metabotropic glutamate receptors are tethered to Ca~V~1.3 by binding via an interaction protein (*e.g*. homer) to shank. The aberrant regulation of this pathway will result in an increased calcium influx that can destabilize the shank-Ca~V~1.3 interaction and favor competition of densin \[[@r48]\] or erbin for the PDZ ligand, which further augments calcium influx by calcium-dependent (densin \[[@r47]\]) or voltage-dependent (erbin \[[@r53]\]) facilitation. Thereby densin and erbin contribute to the postsynaptic localization of CaMKII and δ-catenin and thus changes in dendritic spine morphology. These modifications will be further enhanced by the activity-dependent activation of the transcription factor MEF2, which regulates the expression of genes involved in dendritic spine growth including CaMKII and δ-catenin. Furthermore, modulation of the surface expression of AMPA receptors by erbin binding to the transmembrane AMPA-R regulatory proteins (TARP) γ-2, which also provides another link to neuropsychiatric diseases \[[@r60]\], may contribute to synaptic and morphological adaptations. Alternatively also altered expression levels of PDZ domain proteins or Ca~V~1.3 itself may affect the regulatory balance of the entire signaling complex, thereby enhancing or reducing calcium influx. Because the short splice variants of Ca~V~1.3 lack the distal C-terminus and thus cannot bind PDZ domain proteins, changes in the expression of splice variants are also expected to influence Ca~V~1.3 signaling. Although at this point signals and mechanisms regulating alternative splicing of Ca~V~1.3 in neurons are elusive. An intriguing possibility for the regulation Ca~V~1.3 calcium signaling is provided by RNA editing and by the observation that edited channels exhibit a strong reduction of calcium-dependent inactivation \[[@r61]\]. Taken together the available evidence indicates a role for Ca~V~1.3 in regulating postsynaptic stability via signalling complexes established, maintained, and regulated by the C-terminal interaction partners densin, erbin, and shank.

Conclusion
==========

Accumulating evidence implicates the C-terminal modulation of Ca~V~1.3 channels by PDZ proteins in regulating dendritic spine morphology and thereby postsynaptic stability. In the healthy brain these mechanism may contribute to synaptic plasticity associated with LTP or LTD or homeostatic scaling of the network excitability. However, aberrant regulation of Ca~V~1.3 caused by mutations or deregulated expression of constituents of the putative Ca~V~1.3 signalosome are likely causes of disease-associated alterations in synaptic structure. Particularly in Parkinson's disease and L-DOPA-induced dyskinesia the gradual reduction in striatal dopaminergic signaling may deregulate Ca~V~1.3 calcium handling. In theory the C-terminal modulation via PDZ protein interactions may provide a novel therapeutic target for specifically inhibiting Ca~V~1.3 channels. In fact alternative strategies for therapeutically inhibiting LTCCs are becoming increasingly important considering the limitations of available drugs to specifically discriminate between the two major neuronal isoforms Ca~V~1.2 and Ca~V~1.3 \[[@r62], [@r63]\]. Yet, the next step will be testing whether and how the hypothesized modulatory interactions are relevant for disease-associated destabilization of synapses.
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![Model of the Ca~V~1.3 signalosome in the membrane of dendritic spines: Shank proteins (shank1/3) bind to the distal C-terminus of Ca~V~1.3 channels with their PDZ domain. Shank acts as scaffold for the association of metabotropic glutamate receptors via homer (mGluR, homer), AMPA receptors (GluA), and likely also for D2 dopamine receptors (D2-R) and calcineurin (PP2B). In striatal medium spiny neurons Ca~V~1.3 activity is suppressed by D2-R mediated inhibition. In Parkinson's disease dopamine depletion may thus increase Ca~V~1.3 calcium influx, thereby destabilize the shank-Ca~V~1.3 interaction and allow the PDZ domains of densin-180 and erbin to compete for binding to the Ca~V~1.3 C-terminus. Subsequently erbin and densin induce alterations to dendritic spine morphology by contributing to the surface expression of AMPA receptors via the transmembrane AMPA-R regulatory proteins (TARP) γ2 (γ) and by regulating the postsynaptic localization of CaMKII and δ-catenin. Consequently increased calcium influx can activate the transcription factor myocyte enhancer factor 2 (MEF2) and regulate expression of genes involved in dendritic spine growth such as CaMKII and δ-catenin.](CMP-8-95_F1){#F1}
